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Polyurethane Foams
Why numerical modeling of polyurethane?
• Economical contribution
 World wide market size
 Downstream industries depending on PU production
 PU industries support numerous jobs (in 2013, it supported 235,200
jobs and $71.9 billion output in U.S 1)
• Broad application range
 Construction (e.g., sandwich panels for wall construction)
 Appliances (e.g., fridges)
 Spray foam (e.g., wall insulation)
 Automobile industry
• Heavy dependency on the operator’s experience
 Fully-predictive modeling techniques
 Ease of process design, optimization and transferability
1The Economics & Statistics Department American Chemistry Council, 2013








→ R-NH-CO-O-R′︸ ︷︷ ︸
polyurethane
• Blowing reaction








• Using additives to adjust the foam characteristics
 physical blowing agents
 surfactant
 catalyst
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Polyurethane Foams
Modeling approach
Converting physics and chemistry into computational model
Polyurethane (PU) foam → pseudo-fluid / Computational Fluid Dynamics











• Reactions of the components
 Kinetic model




 Applying Population Balance Model to monitor the evolution of BSD
 A flexible open-source solver for simulation of PU foams helping to
easily implement different:
X recipes for the foam,
X formulations for the bubble growth rate,
X kernels for the bubbles coalescence,
X number of equations to represent the kinetics of the reaction.
• Model validation
 Classic cup experiment
 Industrial mold filling cases (e.g. fridge door, car dashboard, ...)
• Model exploitation
 The CFD + PBM solver is open-source and accessible for public.
 The solver is integrated within MODENA framework where different
modeling scales transfer information.
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Description of Numerical Approach
Material properties
First Challenge:





• ρF: foam density
• p: pressure
• T : temperature
• γ˙: shear rate
Mathematical Representations
X ρF ∼ f (p,T ,Mk)
X µF (T ,XNCO , γ˙) =
farrhenius(T )×µCarreau (XNCO , γ˙)
X λF = f (ρF)
• XW : conversion of water
• Mk : moments of the BSD
• XNCO : conversion of isocyanate
• λF: thermal conductivity
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Description of Numerical Approach
Flow field
Governing equations
• A set of local balance (conservation) equations including:
 mass balance (continuity) equation
 momentum balance equation
 total energy balance equation
• Tracking the interface between the foam and the surrounding air
 Volume of Fluid Method
∂αg
∂ t














• The interface is reconstructed with different algorithms
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Description of Numerical Approach
Foam cell/bubble size distribution
Governing equations
• Population balance equation / population balance model
∂n(t,x,v)
∂ t











n(t,x,v)n(t,x,v ′)β (v ,v ′)dv ,
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Description of Numerical Approach
Foam cell/bubble size distribution
Governing equations





• M0: total number of bubbles per unit liquid volume
• M1: total bubble volume per unit liquid volume
• M2&M3: related to the variance and the skewness of BSD
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Description of Numerical Approach
Modeling kinetics and blowing agent





























• Liquid blowing agent mass fraction:
∂ (ρFαFL)
∂ t
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Description of Numerical Approach
Modeling kinetics and blowing agent
• Mass fraction of carbon dioxide in liquid:
∂ (ρFαFcCO2)
∂ t





























× 0-D model: MATLAB and C++
× 3-D model: OpenFOAM via InterFoam and CompressibleInterfoam
solvers (open-source CFD code)
× 3-D model: Fluent (commercial CFD code)




Influence of viscosity on the flow behaviour
Cup simulation:
X 5cm×10cm with 40×80 elements.
µapp = 0.001002Pa.s µapp = 0.1Pa.s




µapp = 5.0Pa.s µapp: Bird-Carreau

















Influence of viscosity on the flow behaviour
Cup simulation:
X 5cm×10cm with 40×80 elements.
µapp = 0.001002Pa.s µapp = 0.1Pa.s




Influence of viscosity on the flow behaviour
µapp = 5.0Pa.s µapp: Bird-Carreau
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Results & Validation
Model validation






















1 3700 3700 - - 1965 5.487E4 - - 7.49E4 -
2 3700 3700 - 0.159 1965 5.487E4 - - 7.49E4 -
3 3700 3700 - 0.106 1965 5.487E4 - - 7.49E4 -
4 3700 3700 - 0.131 1965 5.487E4 - - 7.49E4 -
5 3700 3700 - 0.057 1965 5.487E4 - - 7.49E4 -
6 4400 4400 - - 1.7348 4.040E4 1.385E3 3.266E4 7.07E4 8.60E4
7 4400 4400 305 - 1.7348 4.040E4 1.385E3 3.266E4 7.07E4 8.60E4
8 4400 4400 610 - 1.7348 4.040E4 1.385E3 3.266E4 7.07E4 8.60E4
9 4400 4400 915 - 1.7348 4.040E4 1.385E3 3.266E4 7.07E4 8.60E4
10 4400 4400 915 0.050 1.7348 4.040E4 1.385E3 3.266E4 7.07E4 8.60E4
11 4400 4400 305 0.135 1.7348 4.040E4 1.385E3 3.266E4 7.07E4 8.60E4
12 5140 4455 671 0.057 1.0000 3.514E4 1.050E3 2.704E4 6.85E4 8.15E4




Batch 2, L0 = 0.159 Batch 5, L0 = 0.057




Batch 2, L0 = 0.159













Batch 5, L0 = 0.057
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Results & Validation
Results
Mean bubble / cell size
Batch 2, L0 = 0.159
















Batch 5, L0 = 0.057
















D. Marchisio, M. Karimi (POLITO) CFD & PBM for PU Foams Modeling May 19, 2015 19 / 23
Results & Validation
Results
Bubble / cell size distribution
Batch 2, L0 = 0.159












Batch 5, L0 = 0.057
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Conclusions
Where does the macro-scale fit within the MODENA framework?
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Conclusions
Conclusions
• The polymerization of polyurethane foam is numerically modelled
including:
 the evolution of bubble size distribution using PBM
 gelling reaction
 blowing reaction
 presence of chemical and physical blowing agents
• The developed methodology is applied for 12 different cases to predict
the measurements of temperature and foam density.
• The satisfactory agreement assures the validity of the developed
model.
• The next step is the application of developed method for the industrial
mold filling processes and validations with new set of experimental
measurements.
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Conclusions
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